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ABSTRACT
We present spatially resolved long-slit spectroscopy from the Southern African Large Telescope (SALT) to
examine the spatial extent of the narrow-line regions (NLRs) of a sample of 8 luminous obscured quasars at
0.10 < z < 0.43. Our results are consistent with an observed shallow slope in the relationship between NLR
size and L[OIII], which has been interpreted to indicate that NLR size is limited by the density and ionization
state of the NLR gas rather than the availability of ionizing photons. We also explore how the NLR size scales
with a more direct measure of instantaneous AGN power using mid-IR photometry from WISE, which probes
warm to hot dust near the central black hole and so, unlike [OIII], does not depend on the properties of the
NLR. Using our results as well as samples from the literature, we obtain a power-law relationship between
NLR size and L8µm that is significantly steeper than that observed for NLR size and L[OIII]. We find that the
size of the NLR goes approximately as L1/28µm, as expected from the simple scenario of constant-density clouds
illuminated by a central ionizing source. We further see tentative evidence for a flattening of the relationship
between NLR size and L8µm at the high luminosity end, and propose that we are seeing a limiting NLR size
of 10 − 20 kpc, beyond which the availability of gas to ionize becomes too low. We find that L[OIII] ∼ L1.48µm,
consistent with a picture in which the L[OIII] is dependent on the volume of the NLR. These results indicate that
high-luminosity quasars have a strong effect in ionizing the available gas in a galaxy.
Subject headings: galaxies: active – quasars: emission lines
1. INTRODUCTION
The size of the extended emission-line regions around ac-
tive galactic nuclei (AGNs) has been the focus of much re-
cent research in an attempt to understand the effect that
a central supermassive black hole can have on the gas on
galaxy-wide scales. The hard ionizing radiation from an ac-
creting black hole can affect galactic gas at large distances
from the central source, producing distinct emission fea-
tures that can be carefully studied with imaging and spec-
troscopy. Regions of ionized gas that extend out to tens of
kpc were initially discovered around radio-loud quasars by
Wampler et al. (1975) and Stockton (1976). An extensive
campaign by Stockton & MacKenty (1987) utilized narrow-
band imaging of nearby luminous quasars to find that ionized
emission around radio-loud quasars extended out to between
10 - 50 kpc in a large fraction of the objects. Bennert et al.
(2002) used Hubble Space Telescope (HST) imaging for a
sample of radio-quiet quasars to detect ionized (as traced by
[OIII]λ5007 emission) gas out to 10 kpc, and also first de-
scribed a relationship between the size of the narrow-line re-
gion and L[OIII], which was later confirmed by Schmitt et al.
(2003) using HST imaging of a larger sample of Seyfert 1
and Seyfert 2 galaxies at lower luminosities. This relation-
ship, which is similar to one found between broad-line region
size and AGN continuum luminosity in (unobscured) Type I
AGNs, provides insight into the properties of the NLR gas
such as the covering fraction or density.
This extended ionized emission is often identified as orig-
inating from the narrow-line region (NLR) around the AGN.
The NLR was first discovered using narrow-band imaging,
but most recent studies of the size and kinematics of the
narrow-line region rely on spectroscopy. While imaging al-
lows for a detailed study of the NLR morphology, the broad
filters used make understanding the true size of the NLR dif-
ficult, and spectroscopy can probe specific emission features
that trace the NLR directly. Long slit spectroscopy can also
serve as a probe of the physical properties and kinematics of
the NLR gas. Both Fraquelli et al. (2003) and Bennert et al.
(2006) used long-slit spectroscopy to examine samples of
nearby Seyfert galaxies, and explored the size of the NLR as
well as trends of ionization parameter and electron density
with spatial position.
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It is important, however, to understand whether there exists
a limit to the NLR size in powerful AGNs. The slope pre-
dicted by Bennert et al. (2002) and Schmitt et al. (2003) for
the size-luminosity relationship predicts unphysically large
NLR sizes at high luminosity (Netzer et al. 2004). In the high-
est luminosity sources discussed by Netzer et al., the NLR
size would be RNLR = 20 − 100 kpc, which would exceed the
sizes of all but the largest cD galaxies. To explore the true ex-
tent of the largest NLRs, it is important to examine the most
powerful quasars. Large NLRs have been observed in indi-
vidual Type I quasars, such as MR 2251-178 (z = 0.0640,
Kreimeyer & Veilleux 2013), but studies of larger samples
of Type I quasars are often challenging due to contamina-
tion by emission from the central source (Husemann et al.
2013). In Type II quasars, an obscuring medium is thought
to block the UV/optical emission from near the black hole
along our line of sight, making these objects ideal targets
for studying the extent and kinematics of the NLR. Due to
their rarity, studies of Type II quasars have mainly focused
on individual objects: Villar-Martín et al. (2010) targeted the
Type II quasar SDSS J0123+00 (z = 0.399) using long-slit
spectroscopy, and found that this quasar had ionized emis-
sion out to ∼ 133 kpc, although this galaxy is in an interact-
ing system. Fortunately, recent results from the Sloan Digi-
tal Sky Survey (SDSS, York et al. 2000) have made possible
the construction of a large sample of low redshift (z < 0.8)
obscured quasars selected based on emission line ratios and
L[OIII](Zakamska et al. 2003; Reyes et al. 2008). The full sam-
ple, which encompasses 1000 galaxies, has been studied with
a variety of instruments (see references in Liu et al. 2013).
Initial long-slit spectroscopy for members of the Type II
quasar sample was performed on a selection of mostly radio-
quiet low-redshift (z < 0.4) obscured quasars in Greene et al.
(2011), who sought to explore both the spatial extent and the
resolved kinematics of the NLR gas. These authors examined
the spatial extent of the [OIII]λ5007 line across each quasar
in their sample and observed ionized gas at large radii, and
then used the results for high luminosity quasars to obtain a
much shallower slope in the relationship between NLR-size
and L[OIII] than was observed by Bennert et al. (2006). The
authors attributed this shallow slope to the NLR gas being
matter-bounded, where the NLR size is limited by the density
of the gas instead of the availability of ionizing photons.
These results were confirmed for a similar, but more lu-
minous, sample of radio-quiet obscured quasars by Liu et al.
(2013) using integral field unit (IFU) spectroscopy. These au-
thors measured [OIII] emission out to an average of 14±4 kpc
from the nucleus. Based on the observed sizes of nebulae, the
flat index of the size-luminosity relationship (R∝ L0.25[OIII]) and
the decline of the [OIII]/Hβ in the outer parts of the nebulae,
these authors propose a model where the NLR clouds transi-
tion to a low-density, matter-bounded region beyond∼ 7 kpc.
Husemann et al. (2013) used IFU data to carefully analyze a
sample of low-redshift radio-quiet Type I quasars and found
that the typical size of the extended NLR is around 10 kpc,
comparable to the sizes observed in Type II quasars at similar
[OIII] luminosities.
In this paper, we examine a sample of Type II radio-quiet
quasars from the Zakamska et al. (2003) and Reyes et al.
(2008) samples using long-slit spectroscopy with the South-
ern African Large Telescope (SALT), following the analysis
presented in Greene et al. (2011). We examine the spatial ex-
tent of the NLR, and explore how the size of the NLR varies as
a function of mid-IR luminosity, which is a more direct mea-
sure of intrinsic AGN power. While the [OIII] emission line is
the most common optical tracer of AGN strength, it can suffer
from strong dust obscuration, and more importantly L[OIII] is
dependent on the properties of the NLR, and is limited by the
quantity, density, and ionization state of the gas present in a
galaxy. We can use data in the mid-IR to directly probe AGN
luminosity and thus the amount of ionizing photons that exist
for a given NLR. Recently, the Wide Field Infrared Explorer
(WISE, Wright et al. 2010) has provided photometry across
the entire sky at four infrared wavebands: 3.4, 4.6, 12, and
22 µm. In powerful AGN, emission at these mid-IR wave-
lengths traces warm to hot dust emission very near the cen-
tral engine (Pier & Krolik 1993), and IR emission has been
shown to correlate strongly with AGN soft X-ray emission
(e.g. Krabbe et al. 2001; Lutz et al. 2004; Horst et al. 2008;
Asmus et al. 2011; Matsuta et al. 2012). The IR acts as an ex-
cellent proxy for AGN power that does not depend on NLR
properties. In this paper we use WISE all-sky coverage to es-
timate IR luminosities for a large sample of spectroscopically-
confirmed AGNs from the literature to explore how the size of
the NLR varies as a function of this direct measure of AGN
luminosity.
We describe our sample in Section 2, discuss the spatial
sizes of the observed NLRs in Section 3, and then discuss our
results and draw conclusions in Section 4. Throughout, we
assume a standard ΛCDM cosmological model with H0 = 70
km s−1 Mpc−1, ΩM = 0.3, and ΩΛ = 0.7.
2. QUASAR SAMPLE, OBSERVATIONS AND DATA REDUCTION
Our sample consists of 8 quasars. We start from a set
of Type II quasars selected using SDSS spectroscopy by
Zakamska et al. (2003) and Reyes et al. (2008). We first se-
lected candidates with log L[OIII] > 42.25 erg s−1 to maximize
the likelihood of resolving the NLR, and at 0.2 < z < 0.45
such that [OIII] would fall into our spectroscopic coverage.
To ensure maximum visibility with SALT, we then limited
our candidates to those with RA < 150◦ and DEC < +10◦.
We used observations at 1.4 GHz from the FIRST survey
(Becker et al. 1995; White et al. 1997), to select only those
objects which are radio-quiet as determined by their posi-
tion on the L[OIII] vs νLν(1.4 GHz) diagram (Xu et al. 1999;
Zakamska et al. 2004). Finally, we chose targets that have a
range in the WISE 12µm / L[OIII] ratio to examine how NLR
properties vary as a function of IR luminosity. The sample and
observations are given in Table 1, and throughout this paper
we will refer to these objects using shortened names. We also
selected two objects (J0841+0101 and J1222–0007) that were
previously observed by Greene et al. (2011) for comparison
to our observations and methodology.
The quasar sample was observed with the Robert Sto-
bie Spectrograph (RSS; Kobulnicky et al. 2003; Smith et al.
2006) on SALT in Sutherland, South Africa. The observa-
tions were carried out in long-slit mode in queued campaigns
between November of 2011 and April of 2012. For these ob-
servations, we used a 1′′.25 slit and the RSS PG1300 grating,
which provides a spectral resolution of 3.2 Å at 6000 Å. The
seeing was measured using stars observed in the acquisition
images taken just before the observations, and was typically
∼ 2′′ for the runs. The objects were observed between 20
and 50 minutes each, and two of the targets were observed
with two slit position angles (P.A.). The slit positions were
chosen with respect to the original SDSS imaging to corre-
spond to the observed major and minor axes when the galaxy
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TABLE 1
SAMPLE AND OBSERVATIONS
SDSS Name z log(L[OIII]) log(L8µm) Obs. Date seeing ts P.A.a
(ergs/s) (erg/s) (′′) (s)
J024940.2–082804.6 0.268 42.5 44.7 2011 Nov 22 1.9 2964 97
J031428.3–072517.8 0.208 42.7 44.4 2011 Nov 29 2.3 2566 235
J033606.7–000754.8 0.432 42.3 44.9 2012 Jan 25 0.9 2400 140
J081125.8+073235.4 0.350 42.4 44.4 2011 Dec 31 2.1 1800, 2100 130, 220b
J084107.1+033441.3 0.274 42.3 43.9 2011 Dec 29 1.8 2400, 2100 230, 140b
J084135.1+010156.3 0.111 42.4 44.5 2012 Apr 16 1.4 1500 235
J110012.4+084616.4 0.100 42.7 45.0 2012 Apr 17 2.1 2400 150
J122217.9–000743.8 0.173 42.9 45.0 2012 Apr 17 2.1 1170 250
a Position Angle, in degrees east of north.
b This object was observed at two position angles for comparing the sizes measured along different axes.
was resolved, or, in some instances, the P.A. was chosen to
align the slit with nearby galaxies to determine if they were
companions. Unfortunately, due to the fixed nature of the pri-
mary mirror at the SALT telescope and the strong variation
in effective aperture with time and source position, absolute
flux calibration is not possible using the SALT data alone. We
perform an approximate flux calibration on our spatial plots in
order to compare the spatial extent of the objects as described
in §3.1.
Data reduction was performed using standard IRAF
scripts1. The data were gain-corrected, bias-corrected, and
mosaiced with the SALT reduction pipeline. We flat-fielded
the data, applied a wavelength solution using arc lamp spectra,
and used the multiple images made for each target for cosmic
ray removal. Finally, the two-dimensional spectra were back-
ground subtracted and combined using a median combine.
3. NARROW-LINE REGION SIZES
3.1. Size Measurements
We can use the high S/N spectra to measure the phys-
ical extent of the narrow-line region in these quasars, as
a way of understanding the impact the AGN is having on
its host galaxy. We started by following the prescription
of Greene et al. (2011) and created a spatial profile for the
[OIII]λ5007 feature by collapsing the 2D spectrum in the
wavelength direction with a width twice the FWHM of [OIII]
in order to increase the S/N of the emission on the outer edges
of the galaxy. Each of our objects had an observed [OIII] spa-
tial extent that was larger than our measured seeing for the ob-
servation. To account for seeing effects, we sought to fit each
observed profile using a model for the true spatial profile con-
volved with a model of the measured seeing. We used multi-
ple models to describe both the true profile and the seeing in
order to see how choice of model affected the resulting NLR
size. For the spatial profiles we used both a Sérsic profile and
a Voigt profile. Similarly, we examined two different models
for the seeing: a Gaussian profile and a Moffat profile. While
the final fits had similar reduced χ2 values, the resulting sizes
varied by an average of 20% depending on the models used.
These size differences are a result of the extended wings in the
observed profiles resulting from the seeing (when modeled by
a Moffat profile) rather than being a feature of the true spatial
profile (when modeled by a Voigt profile). For our analysis,
we chose to use a Sérsic profile to model the spatial extent
1 IRAF is distributed by the National Optical Astronomy Observatory,
which is operated by the Association of Universities for Research in Astron-
omy (AURA) under cooperative agreement with the National Science Foun-
dation.
of the [OIII] emission convolved with a Moffat profile for the
seeing, which has been shown to robustly model point-spread
functions (Trujillo et al. 2001). To estimate the Moffat seeing
parameters, we fit Moffat profiles to the stars in the acquisi-
tion images, and took an average of the Moffat α and β values
for use in the convolution. The SALT point-spread function
measured from the acquisition images is similar between the
different observations, and is well characterized with a Mof-
fat fit. We plot a representative surface brightness profile for
the quasar J0811+0732, along with both the best-fit model and
the deconvolved Sérsic profile for this object in Figure 1. This
figure demonstrates the importance of accounting for the see-
ing when measuring the intrinsic size of the galaxies in our
sample.
FIG. 1.— Observed surface brightness profile for J0811+0732 (in black),
plotted with the best-fit model (in red), and the deconvolved intrinsic profile
(in blue). The seeing was modeled by a Moffat fit, and the intrinsic model
was represented by a Sérsic profile.
In order to compare the extent of the [OIII] emission line
to those measured by other authors, we sought to measure
the line extent using a method that was not dependent on the
depth of our observation, unlike some prescriptions for NLR
size for which the width is defined using a specific flux mea-
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sured above the noise. We chose the parameter described in
Liu et al. (2013), Rint, which is calculated as the size of the
galaxy at a limiting surface brightness corrected for cosmo-
logical dimming of 10−15 erg s−1 cm−2 arcsec−2. In order to
calculate Rint, we needed to flux calibrate our spatial profiles.
We performed flux calibration by comparing our measured
spectra to the SDSS spectra. The SDSS spectra are measured
using 3′′ diameter fibers, while our spectra were measured
using a 1′′.25 slit, so we have to correct for this aperture dif-
ference as well as for differences in seeing. For each SDSS
spectrum, we measured the flux in the [OIII]λ5007 line using
the same width (twice the FWHM) that was used to collapse
our SALT spectra. With this total flux, we made the assump-
tion that each object was circularly symmetric on the sky, and
that the Sérsic profile parameters we measured (deconvolved
with the seeing) characterized the spatial extent of the true
profile for each of our objects. Our assumption of circular
symmetry on the sky is supported by the results from Liu et al.
(2013), who found that the majority of the ionized gas nebu-
lae from their sub-sample of radio-quiet quasars drawn from
the Reyes et al. (2008) sample are close to circularly symmet-
ric. We also find similar size measurements made for the ob-
jects in our sample which were observed with two position
angles. We use the best-fit Sérsic profile from our model-
ing of the SALT data to convolve each object by the typical
seeing for SDSS spectroscopy (∼ 2′′), and then estimated the
fraction of the flux that was observed using the 3′′ diameter
SDSS fiber on the sky. In a similar way, we also convolved
the Sérsic profile with the SALT seeing for each observation,
and calculated the fraction of the flux that was covered by the
1′′.25 SALT RSS slit. Using these fractions, we calculated
correction factors for our SALT spatial profiles such that the
total observed flux represented the SDSS flux measured in the
same wavelength range. This process is not possible for the
two merging quasars in our sample (J0841+0101 and J1222–
0007), as our assumption of circular symmetry on the sky is
incorrect. These objects are not included in our plots of Rint
versus luminosity. We use the deconvolved, flux calibrated
surface brightness profiles for each of the remaining objects
to calculate Rint, which are given in Table 2.
For each of our objects, we created 500 fake spatial profiles
using the uncertainties on the observed SALT and SDSS spec-
tral line fluxes, and for each fake spatial profile we ran our
flux calibration and Rint measuring procedure. We observed
typical fractional uncertainties of around 0.01, which are un-
physically small. We have not accounted for multiple sources
of error that would serve to increase our uncertainty. For in-
stance, as we discuss above, by using a Voigt profile along
with a Gaussian description of the seeing, the NLR sizes are
on average 20% larger. This size difference must be included
in our uncertainties, as our fits with different models had sim-
ilar reduced χ2 values, indicating that the parameterization is
non-unique. Furthermore, while there is evidence that these
galaxies are symmetric, the true shape of the objects cannot
be understood from an individual longslit spectrum, and non-
symmetric morphologies would significantly affect the ob-
served NLR size. We conservatively chose to adopt a 50%
error on our size measurements, which proves to be similar to
the observed dispersion in Rint for objects of a similar L[OIII]
discussed in Section 3.2.
3.2. The Relationship between NLR size and L[OIII]
The size of the NLR is dependent on both the properties
of the central ionizing source as well as the distribution, ge-
ometry, and kinematics of the host galaxy ISM. We plot the
derived NLR sizes against L[OIII] in Figure 2. Also plot-
ted on the figure are AGNs taken from the literature, and
in order to make a comparison to galaxies at different red-
shifts, we follow the prescription of Liu et al. (2013) and cor-
rect for cosmological dimming by plotting Rint = 10−15/(1 +
z)4 erg s−1 cm−2 arcsec−2. We include Rint values for ob-
scured quasars measured using long-slit spectroscopy from
Greene et al. (2011, z ∼ 0.1 − 0.4), as well as values for ob-
scured radio-quiet quasars measured using IFU observations
from Liu et al. (2013, z ∼ 0.3 − 0.6). We have also plotted
the Rint measurements from long-slit spectroscopy for two
samples of local Seyfert 2 galaxies from both Fraquelli et al.
(2003) and Bennert et al. (2006). For these samples, the
value of Rint has been remeasured from the best-fit power
laws to the observed [OIII] surface brightness profile. Both
Fraquelli et al. (2003) and Bennert et al. (2006) observe NGC
1386 and NGC 5643, and we use the Bennert et al. (2006)
profiles as these authors remove star formation contamination
to [OIII]. For the Fraquelli et al. (2003) points, we use their
given uncertainties, while the error bars on the Bennert et al.
(2006) points are propagated from the uncertainties on the
power-law indices. We also plot a sample of Type I quasars
from Husemann et al. (2013, z ∼ 0.1 − 0.3). These authors
provided three measurements of the NLR size: R95, the cir-
cular radius that encompasses 95% of the [OIII] flux; Re, the
weighted mean of projected pixel distances to the center; and
Riso, the isophotal radius out to a limiting surface brightness
of 2× 10−16 erg s−1 cm−2 arcsec−2. We plot the Riso values
on our figures, although it is important to note that the limit-
ing surface brightness is deeper than what is used for Rint by a
factor of∼ 2−3 when cosmological dimming is taken into ac-
count. If we measure the Riso values for the quasars observed
with SALT using the deeper surface brightness limit from
Husemann et al. (2013), and do not account for cosmologi-
cal dimming, we measure sizes that are only 27% larger. If
we correct the Husemann et al. sizes accordingly (lower them
by 27%), the fitting results discussed below do not change
significantly within the presented uncertainties. Finally, we
plot the best fit relations to the NLR size - luminosity rela-
tionship as given by Greene et al. (2011, slope = 0.22± 0.04)
and Liu et al. (2013, slope = 0.25±0.02) with grey and black
lines. The addition of the SALT sample does not significantly
affect these slope measurements. For all samples, including
our own, we do not plot the merging AGN sources, where a
measurement of the size is far less certain.
The objects we observed with SALT are consistent with
the previously-measured NLR size - L[OIII] relationship, and
while the measurements of the sizes are lower at a given L[OIII]
than what is seen with the Greene et al. (2011) and Liu et al.
(2013) relationships, they agree within 1σ of the estimate of
the size error. These measurements support the claim that for
obscured quasars and nearby Seyfert 2 galaxies, the relation-
ship between NLR size and L[OIII] is fairly shallow. We also
find an agreement in the relationship between the Type I ob-
jects from Husemann et al. (2013) and the Type II quasars, al-
though there are fewer observed detections of extended emis-
sion line regions observed in Type I quasars, as discussed in
Liu et al. (2013).
3.3. The Relationship between NLR size and L8µm
L[OIII] is often used as a proxy for intrinsic AGN power (e.g.
Heckman et al. 2005), but [OIII] emission can be strongly af-
SALT Spectroscopy of Obscured Quasars 5
FIG. 2.— Radii of the [OIII]λ5007-emitting region plotted against L[OIII]. The NLR size is represented by Rint, which is defined as the size of the object at
a limiting surface brightness corrected for cosmological dimming of 10−15/(1 + z)4 erg s−1 cm−2 arcsec−2 (see Liu et al. 2013). Our sample of SALT obscured
quasars are shown with red squares. We overplot AGN samples from Fraquelli et al. (2003, nearby Seyfert 2 galaxies, open stars), Bennert et al. (2006, Seyfert 2
galaxies, Xs), obscured quasars, (Greene et al. 2011, open circles), Husemann et al. (2013, Type I quasars, filled circles), and Liu et al. (2013, obscured quasars,
black diamonds). The best fit from Greene et al. (2011, slope = 0.22± 0.04) is shown with a grey line, and the fit from Liu et al. (2013, slope = 0.25± 0.02) is
shown with a black line. We do not plot merging AGN sources or objects with upper limits on their size measurements. Our SALT sources are consistent with
the shallow slope for AGNs between NLR size and L[OIII] seen in Greene et al. (2011) and Liu et al. (2013).
TABLE 2
NLR SIZE
SDSS Name log(Rint / pc)
J024940.2–082804.6 3.7± 0.2
J031428.3–072517.8 3.6± 0.2
J033606.7–000754.8 3.8± 0.2
J081125.8+073235.4 (P.A. = 130◦) 3.8± 0.2
J081125.8+073235.4 (P.A. = 220◦) 3.9± 0.2
J084107.1+033441.3 (P.A. = 240◦) 3.7± 0.2
J084107.1+033441.3 (P.A. = 140◦) 3.8± 0.2
J084135.1+10156.3 -a
J110012.4+084616.4 3.8± 0.2
J122217.9–000743.8 -a
a This object is a double continuum source, and we are un-
able to use the method outlined in §3.1 to flux calibrate the
observed spatial profile and estimate Rint.
fected by dust extinction and NLR properties (Baskin & Laor
2005; Wild et al. 2011). In order to examine the intrinsic
AGN luminosity that is not dependent on extinction or NLR
characteristics, we can use infrared luminosities for those ob-
jects that are dominated by emission from the AGN. Using
WISE All-Sky Survey data, we have collected the mid-IR
photometry for our sample and all of the objects from the lit-
erature plotted in Figure 2. We first examine the full sample
of objects to see which may have contamination in the mid-
IR from stellar processes. We plot the WISE [3.4] − [4.6] vs
[4.6]− [12] colors2 for the full sample in Figure 3. In this plot,
we show the Stern et al. (2012) demarcation [3.4]−[4.6]≥ 0.8
that these authors used to separate AGNs from non-AGNs.
Emission from hot dust near the central black hole in an AGN
produces characteristic red mid-IR colors that can be used to
identify AGNs. The objects in this paper, along with the bulk
of the objects from Bennert et al. (2006), Greene et al. (2011),
Liu et al. (2013), and Husemann et al. (2013) have colors
that indicate AGN activity as described in both Wright et al.
(2010) and Stern et al. (2012). Many of the local Seyfert 2
galaxies from Fraquelli et al. (2003), however, lie below the
Stern et al. demarcation, and we use this diagram to indicate
that while the bulk of the objects we analyze are dominated
by the AGN component, those with bluer IR colors may be
contaminated in their WISE photometry by IR emission from
stellar processes.
We estimate the rest-frame IR luminosity using the WISE
[4.6], [12], and [22] bands, which were interpolated in log-log
space to find the flux and luminosity at rest-frame 8 µm (L8µm)
for each object. We model the AGN mid-IR emission with a
simple power-law, and for this analysis, we do not account
for the individual filter response functions and assume that
the flux is measured at the central wavelength for each filter.
Based on the WISE colors for these objects, we estimate that
any flux corrections would be on the order of a few percent
(Wright et al. 2010), so they are not included here. We use the
2 All WISE magnitudes are in Vega magnitudes.
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FIG. 3.— AGN color-color plot using WISE (Wright et al. 2010). AGNs
are identified by having red [3.4] − [4.6] colors, and we show the Stern et al.
(2012) AGN selection division of [3.4] − [4.6] = 0.8 with a short dashed line,
and shade the region below with light grey. We also show a more relaxed
division of [3.4] − [4.6] = 0.6 with a long dashed line, and shade the region
below with dark grey. Bluer WISE [3.4] − [4.6] colors may indicate contam-
ination in the mid-IR from stellar processes, and we will note objects in the
grey or dark grey regions in Figure 4. Based on the errors from the WISE
photometry, the average uncertainty on the colors for the points is 0.05.
luminosity at rest-frame 8µm, corresponding to an observed-
frame wavelength of ∼ 12µm, which should be dominated
by the warm and hot dust heated by the AGN. We plot the
NLR size - IR luminosity relationship in Figure 4. Those ob-
jects with IR emission potentially contaminated by star for-
mation ([3.4] − [4.6]< 0.8) as indicated by Figure 3 are plot-
ted over light grey circles. We also mark those objects with
[3.4] − [4.6] < 0.6 with dark grey circles. As in Figure 2, we
see a strong relationship such that AGNs with larger 8 µm lu-
minosities have larger NLR sizes. However, at the high L8µm
end of the relation, two objects, SDSS J085829.59+441734.7
from the Liu et al. (2013) sample, and PG 1700+518 from the
Husemann et al. (2013) sample, both have ∼ 10 kpc NLRs,
which hints at the existence of a flattening of the relation at
high L8µm.
As there are only two objects, these high L8µm quasars may
be statistical outliers. We removed these objects from our
sample and fit the data with a linear least squares regression
of the form:
log(Rint/pc) = α× logL448µm +β (1)
where L448µm = (L8µm/1044 ergs−1). We report the best-fitting
parameters, as well as the reduced χ2 for the fit, without these
high L8µm objects in the bottom three rows of Table 3. We also
provide the parameters for fits without blue WISE [3.4]− [4.6]
colors. We plot the linear fit without the two high L8µm objects
with a black line in Figure 4. The slope of the relation stays
largely the same, with α ≈ 0.4, both with and without the
inclusion of objects with bluer WISE [3.4] − [4.6] colors. We
also use a linear fit to the data including the two high L8µm ob-
jects and report the best-fitting parameters in the middle three
rows of Table 3. The best-fit slope for a linear fit including
the two IR-bright quasars is fairly shallow compared to the
fit without the points, but the goodness-of-fit is significantly
worse as indicated by the reduced χ2 values.
The position of the two high-luminosity points, however,
may be indicative of a flattening of the relation at the high
luminosity end. In this scenario, we would be seeing evidence
that the size of the NLR in the most luminous quasars has an
upper limit. To model this flattening, we fit the data using a
piecewise linear relationship:
log(Rint/pc) =
{
α× logL448µm +β L8µm < L0
log(R0/pc) L8µm ≥ L0 (2)
In this fit, L0 is the turnover luminosity, and log(R0/pc) =
α× logL0 + β, the NLR size at the turnover luminosity. We
provide the best-fitting values for this piecewise relation in
the first three rows from Table 3. We plot the piecewise fit to
all of the data with a red line in Figure 4. The slope of the
rising portion of the relationship is similar to but marginally
steeper than what we observe when we fit without the two
highest luminosity objects. The inclusion of objects with
bluer [3.4] − [4.6] colors does not significantly affect the fit
parameters. We also fit the data using Equation 2, but we
allow the slope of the second linear function to be a free pa-
rameter, and found that this best-fit slope was consistent with
zero. Together, we find that the slope for the rising portion
of the relation is α = 0.4 − 0.5, with a flattening at a char-
acteristic luminosity of log(L0/ergs−1) = 44.8 − 45.1, and an
NLR size of around log(R0/pc) = 4.07 − 4.10 (∼ 12 kpc). It
is important to note that PG 1700+518, one of the two high
L8µm objects, is a broad absorption line quasar with a nearby
companion (Stockton et al. 1998; Evans et al. 2009). It has
been proposed that PG 1700+518 has undergone a collision
with the companion galaxy (Hines et al. 1999), which makes
a measurement of the true size of the NLR difficult. This is re-
flected in the large uncertainty on the NLR size measurement.
At the same time, based on the WISE [3.4] − [4.6] colors for
this object, the origin of the large L8µm is most likely dom-
inated by AGN activity, regardless of triggering mechanism.
We still choose to include it in our sample, although, due to
this large uncertainty, if we remove this object we obtain the
same best-fit parameters on our piecewise fitting. We will fur-
ther discuss the implications of a potential flattening in this
relationship in the next section.
4. DISCUSSION AND CONCLUSIONS
We have used luminous, obscured quasars to examine the
effect that bright active nuclei are having on the gas in their
host galaxies at large radii. Our SALT RSS long-slit results
strengthen the conclusions made in previous studies, and pri-
marily indicate that the accreting black holes in the galactic
centers of these objects are ionizing gas out to large radii.
We examine the relationship between the NLR size and
L8µm, which serves as a more direct indicator of the current
nuclear power independent of NLR properties. We see a
strong power-law trend such that more luminous AGNs are
serving to ionize larger narrow-line regions. This relation
goes as approximately Rint ∼ L1/28µm, steeper than the observed
relationship between Rint and L[OIII]. We also observe hints of
a flattening in the Rint versus L8µm relationship at around∼ 12
kpc for the most luminous AGNs. This suggestion of a flatten-
ing of this relationship could be seen as an upper limit on the
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FIG. 4.— Radii of the [OIII]λ5007-emitting region plotted against the interpolated L8µm estimated from WISE photometry. The symbols are the same as
in Figure 2. We plot those objects from Figure 3 with WISE color [3.4] − [4.6] < 0.8 superimposed on a light grey circle, and those objects with WISE color
[3.4] − [4.6] < 0.6 are plotted over a dark grey circle, to indicate which objects may be suffering from contamination by stellar processes. We see a relationship
between L8µm and the size of the NLR, and we see evidence for a flattening of the relationship at high L8µm. We plot the linear fit for every point except the
two highest luminosity quasars with a black line (slope = 0.41± 0.02). We plot a piecewise linear fit with all of the points including the two highest luminosity
quasars with a red line (slope = 0.47± 0.02) to demonstrate the existence of the flattening of the relationship at log(Rmax/pc) = 4.07. See the text in §3.3 for a
description of these fits. We also show the area occupied by the IR-bright quasars from the sample of Reyes et al. (2008) with a dark grey box, where the sizes
have been inferred from their values of L[OIII] and the relationship in Figure 2.
TABLE 3
L8µm VS. Rint BEST FIT PROPERTIES
Sample α β log(L0/erg s−1) log(R0/pc) χ2red
All Objects 0.47± 0.02 3.67± 0.02 44.86± 0.05 4.07± 0.03 4.48
[3.4] − [4.6] > 0.8 0.44± 0.03 3.61± 0.03 45.12± 0.06 4.10± 0.06 4.22
[3.4] − [4.6] > 0.6 0.42± 0.03 3.70± 0.03 44.87± 0.05 4.07± 0.05 4.62
All Objects 0.36± 0.02 3.68± 0.02 - - 5.79
[3.4] − [4.6] > 0.8 0.28± 0.03 3.75± 0.03 - - 5.49
[3.4] − [4.6] > 0.6 0.26± 0.03 3.78± 0.02 - - 5.42
All Objectsa 0.41± 0.02 3.65± 0.02 - - 4.61
[3.4] − [4.6] > 0.8a 0.41± 0.03 3.64± 0.03 - - 4.38
[3.4] − [4.6] > 0.6a 0.35± 0.03 3.71± 0.03 - - 4.60
a This linear fit was done without the two high L8µm sources.
amount of available gas to be ionized. At high luminosities,
the NLR may be completely ionized at large radii, and any in-
crease in the AGN luminosity, as traced by L8µm, would only
then serve to produce more ionizing photons which escape the
galaxy.
A flattening of the relationship between AGN luminosity
and NLR size for the most powerful quasars has been sug-
gested to exist by multiple authors, including Netzer et al.
(2004) and Greene et al. (2011). Netzer et al. (2004) exam-
ined a sample of high-redshift AGNs and argued that the rela-
tionship between the NLR size and L[OIII] must break down for
very high luminosity sources, where the relationship predicts
unphysically large sizes. Using the observed slope seen in
Figure 2, a source with log(L[OIII]/ergs−1) = 45 would have a
NLR size of ∼ 30 kpc. The objects that comprise our sample,
as well as the samples from Greene et al. (2011) and Liu et al.
(2013), are chosen to have the largest values of L[OIII] from
the Zakamska et al. (2003) and Reyes et al. (2008) obscured
quasar samples. As there are very few quasars in the local
universe with larger [OIII] luminosities, it is likely that we
are indeed seeing the maximum physical extent of NLRs in
these types of objects.
To further understand the observed relations between Rint
and L[OIII] and L8µm, we consider the simplest possible model
8 HAINLINE ET AL.
for the NLR: a finite sphere of gas with constant density n sur-
rounding the accreting black hole, or, more realistically, con-
stant density clouds contained within a lower density medium
with a constant filling factor. In these scenarios, the ioniza-
tion parameter U at a radius r from the nucleus depends on
the central ionizing luminosity L as well as the density of
the gas clouds: U ∝ L/r2n2. The size of the ionized region
will be limited by the radius at which the ionization param-
eter is above some threshold for producing a sufficient den-
sity of [OIII]. In this case, the radius of the NLR scales as
L1/2. This simple prediction is very close to our measured
slope of 0.47±0.02 in the relationship between log(L8µm) and
log(Rint) (Figure 4). We contrast this with the shallow slope
of 0.25 for the relationship between log(L[OIII]) and log(Rint)
seen in Figure 2 (Liu et al. 2013). In our simple picture, the
luminosity due to recombination (for example, LHβ) is de-
pendent on the volume of ionized gas. LHβ can be used as
a proxy for L[OIII] as there is evidence in Type II quasars that
the ratio of [OIII]/Hβ is constant out to several kpc (Liu et al.
2013, Hainline et al. in prep). For the Liu et al. sample, the
[OIII]/Hβ ratio does not vary out to radii larger than the typ-
ical PSF, and the assumption of a constant line ratio is unaf-
fected by seeing effects. If the number density of the clouds
ζ is constant, and the ionization fraction is near unity, then
LHβ ∝ L[OIII] ∝ ζr3n2 and the NLR radius then scales as L1/3[OIII],
close to (although slightly steeper than) the slope we observe.
This picture would suggest that for powerful quasars, L[OIII] is
not linearly correlated with the nuclear luminosity, which is
better probed by more direct measurements such as L8µm. We
plot the relationship between L[OIII] and L8µm in Figure 5. We
show a linear relationship between the two quantities with a
dashed line. When we fit all of the data together using a linear
least squares regression, we obtain a slope of 1.35 (shown by
the black line). Combining our simple models from above,
we obtain L1/3[OIII] ∝ RNLR ∝ L
1/2
8µm and therefore we predict that
L[OIII] ∝ L
3/2
8µm. The measured slope is shallower, but very
close to, the slope predicted by our simple model. We note
that by removing the points with bluer WISE [3.4]− [4.6] col-
ors, as well as one highly discrepant point from Bennert et
al. (2006) at low L8µm, the best-fit slope becomes 1.49, which
agrees very closely with our prediction. We also see a trun-
cation of the assembled data at the high L[OIII] end, which is
naturally explained if we are indeed seeing a maximum size
for the NLR.
This simple model also naturally explains the observed flat-
tening of the relationship at large luminosity, since the NLR
size is limited by the finite extent of the gas clouds. The
turnover size for the NLRs in Figure 4 agrees well with the
quasar host galaxy sizes of ∼ 10 kpc estimated from deep
imaging campaigns (McLure et al. 1999; Schade et al. 2000;
Dunlop et al. 2003; Kotilainen et al. 2013) and is consistent
with continuum sizes measured for long-slit spectroscopy of
obscured quasars (Greene et al. 2011).
This picture is of course highly simplified and does not ac-
count for complications such as variations in density or the
[OIII]/Hβ ratio. As discussed above, Liu et al. (2013) observe
a constant [OIII]/Hβ ratio to large radii for Type 2 quasars,
with a falloff further out, and propose a simple constant-
density model (“Model 1”) similar to the model we describe
above, for which the falloff in [OIII]/Hβ is caused by the de-
cline of the ionization parameter with radius. However, this
model requires constant pressure in the NLR clouds at all
FIG. 5.— L[OIII] plotted against L8µm estimated from WISE photometry.
The symbols are the same as in Figures 2 and 4. We plot a linear relationship
between the two variables with a dashed line, and a fit to the entire dataset
(slope = 1.35) with a solid line. These results provide evidence that L[OIII]
is not linearly correlated with the nuclear luminosity, which may be better
probed by L8µm. We also show the area occupied by the IR-bright quasars
from the sample of Reyes et al. (2008) with a dark grey box.
radii, in conflict with theoretical studies and observations of
galactic winds. Therefore, Liu et al. (2013) prefer a second
model where the density and pressure in NLR clouds drops
as r−2 and the ionization parameter is thus constant with ra-
dius. In this case the observed size of the NLR may be lim-
ited by the radius at which the gas density is low enough that
the clouds are ionized to much higher levels than required to
produce a large amount of [OIII] emission. It is not immedi-
ately clear how Rint would vary with nuclear luminosity and
L[OIII] in this scenario, and we reserve this more complicated
modeling for future work.
Our results imply that for quasars with L8µm larger than the
turnover luminosity, neither the NLR size nor L[OIII] will in-
crease further. However, this suggestion would be strength-
ened by a detailed study of more IR-luminous obscured
quasars. We can examine the full Reyes et al. (2008) Type
II quasar sample to see how representative the IR-bright ob-
jects in our assembled sample are. We were able to match
876 out of the 887 quasars in the Reyes et al. (2008) sample
against the WISE catalogue, and for these matched quasars
we estimated L8µm using the method described above. We
find 150 objects (∼ 17% of the total WISE-detected sam-
ple) with log(L8µm) > 44.85, which represents the turnover
luminosity in the relationship seen in Figure 4. We calculate
〈logL([OIII]/ergs−1)〉 = 42.7± 0.5 for these IR-bright quasars,
which we compare to 〈log(L[OIII]/ergs−1)〉 = 43.1± 0.3 for
the quasars in our assembled sample. If we further restrict
the Reyes et al. sample to only those with log(L8µm) > 45.4,
we find 29 quasars, with 〈L[OIII]/ergs−1〉 = 43.0± 0.5. These
results support our hypothesis that there exists a large popu-
lation of AGNs with large L8µm but at similar L[OIII] to those
of the two IR-bright sources in our assembled sample. We
can also make a prediction for the NLR size of these ob-
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jects from their L[OIII] using the relation from Liu et al. (2013):
Rint = 9± 2 kpc for the quasars with log(L8µm) > 44.85, and
Rint = 10± 3 kpc for the quasars with log(L8µm) > 45.4. In
Figures 4 and 5, we show the area occupied by the IR-bright
quasars from the Reyes et al. sample with a dark grey box.
Observations of these objects with future spectroscopic cam-
paigns can definitively test the presence of an upper limit on
Rint for these luminous quasars. We note that it would be fun-
damentally interesting if these objects have larger sizes than
what is predicted by the flattening in the Rint vs. L8µm rela-
tionship, as this would imply a different relationship between
NLR size and L[OIII]. This would indicate that the highest
luminosity quasars have significantly different gas reservoirs
than their lower-luminosity counterparts, which could have
implications for models of quasar fueling.
To conclude, we have used SALT RSS long-slit spec-
troscopy to examine the sizes of the NLRs of a sample of 8
obscured quasars. Our primary results are the following:
1. The NLR sizes from the objects in our quasar sam-
ple are similar to what has been measured in other
studies of these objects, and help define the rela-
tionship between NLR size and L[OIII] first discussed
in Bennert et al. (2002). Our objects are consistent
with a shallow slope in this relation as described in
Greene et al. (2011) and Liu et al. (2013).
2. Using WISE mid-IR photometry, we have estimated
the rest-frame L8µm for our quasar sample, as well as
samples from the literature with WISE coverage. We
find that NLR size goes as approximately L1/28µm, as ex-
pected from the simple scenario of a constant-density
cloud illuminated by a central ionizing source. We
also observe a possible flattening of the relationship
between NLR size and AGN luminosity for quasars
with log(L8µm/ergs−1) > 44.8 − 44.9, where their sizes
plateau at ∼ 12 kpc. While we only observe this flat-
tening of the relationship with two objects, the trend
could indicate that we are seeing the maximum size of
the NLR in these galaxies, beyond which the ionization
state and density of the gas is such that excess ioniz-
ing photons escape the galaxy. We furthermore high-
light the many additional IR-luminous targets in the
full sample of Type II quasars from Reyes et al. (2008),
which would be ideal for a follow-up exploration of this
turnover.
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